and carcinogens would indicate a crucial role in the mechanism Gifu 501-61, Japan of resistance (15). 5 To whom correspondence should be addressed
In the resistant hepatocyte model (13), 99-100% of the generated hepatocyte nodules are positive for GST-P, while Glutathione S-transferase P-form (GST-P) mRNA levels 90-95% demonstrate GGT activity during 2-AAF feeding (5) . and distribution were sequentially analyzed by in situ A number of authors have described subsequent loss of hybridization histochemistry (ISH) in rat livers during and compression and phenotypic reversion of GGT activity in after induction of preneoplastic foci and nodules in the hepatocyte nodules. Variously called 'regression' (16, 17) , after Solt-Farber model. Dot blot analysis showed GST-P tranroutine histological examination, and 'phenotypic maturation' scripts in the liver to be elevated coincidental with the (18) or 'remodeling' (3, 4, 14) , with regard to expression of development of GST-P-positive lesions. GST-P ISH indihistochemical markers such as GGT, this leads to the effective cated that the majority of early foci and some of the disappearance of the majority of lesions. Phenotypic expression resultant lesions showed uniformly high levels of GST-P of GGT has been considered to be less stable than that of mRNA. However, the majority of foci and nodules after GST-P (7), but the cause of such variation remains unclear. completion of the selection regimen exhibited a progressive While rat GST-P and GGT cDNA clones (19) (20) (21) (22) have been loss of staining for GST-P mRNA. Similar results were isolated, sequential changes in mRNA transcripts during rat obtained for γ-glutamyltransferase (GGT) transcripts, hepatocarcinogenesis and their relation to phenotypic reversion indicating that phenotypic reversion is controlled by factors has not previously been investigated. operating at the level of gene expression in both cases.
In the present study, we therefore examined the expression Expression of GST-P mRNA was high in all hepatocellular and distribution of GST-P mRNA in the rat liver under carcinoma samples, whereas the levels of GGT transcripts conditions of rapid development of GST-P-positive preneovaried considerably, so that the two enzymes showed a plastic nodules and tumors after PH in the Solt-Farber model degree of independence in their regulation. The present to ascertain whether phenotypic expression of GST-P is a data for transcription suggest that GST-P is a stable marker direct reflection of gene transcription. of preneoplastic and neoplastic cells, not only at the protein but also at the mRNA level, throughout hepatocarcinoMaterials and methods genesis in the rat. The reason why transcription of GST-P Introduction resistant hepatocyte model of Solt and Farber (13) and is outlined in Figure  1 (only groups 1 and 2 of the total of five groups). The rats in groups 1 and Altered hepatocellular foci or nodules which show a specific 2 were initially treated i.p. with diethylnitrosamine (DEN) (Tokyo Chemical biochemical/enzymatic phenotype (1) are considered as preneoIndustry Co., Tokyo, Japan) at a dose of 200 mg/kg body wt and given basal plastic or precancerous steps which arise during chemically diet for the first 2 weeks. The animals then received basal diet containing 0.015% 2-AAF (Tokyo Chemical Industry Co., Tokyo, Japan) for 2 (group 2) induced rat hepatocarcinogenesis (2-4). The most widely or 6 weeks (group 1). Group 2 was maintained on basal diet during the period used methods for their identification are immunohistochemical from week 4 until week 8. Group 3 was subjected to the initial DEN exposure demonstration of glutathione S-transferase P-form (GST-P*) but was maintained on an unsupplemented basal diet thereafter, while group (5) (6) (7) (8) (9) or histochemical detection of γ-glutamyltransferase 4 was given the vehicle in place of DEN and fed the 2-AAF-containing diet for 2 weeks as in group 2. PH was performed on all rats at week 3 of the (GGT) (10-12) as positive markers.
experiment. Group 5 underwent PH alone as a control. Three animals from Hepatocarcinogens are known to inhibit regeneration of each group were killed under ether anesthesia at 0 and 2 days and 1, 3 (only groups 1 and 2) and 5 weeks after PH. Ten additional animals in group 1 were *Abbreviations: GST-P, glutathione S-transferase P-form; GGT, γ-glutamylmaintained on basal diet until week 40 for collection of carcinoma samples. transferase; PH, two-thirds partial hepatectomy; 2-AAF, 2-acetylaminofluorHistopathological observations ene; DEN, diethylnitrosamine; HE, hematoxylin and eosin; ISH, in situ hybridization histochemistry; HCCs, hepatocellular carcinomas; EH, epoxide
The right lateral lobes of the livers were excised and 2-3 mm thick slices were fixed in ice-cold acetone for routine staining with hematoxylin and eosin hydrolase.
(HE) and histochemical demonstration of GGT (2) . Other slices were fixed
In situ hybridization histochemistry (ISH) in phosphate-buffered 4% paraformaldehyde (4°C) for immunohistochemical ISH was carried out as described earlier (26) , with minor modifications. demonstration of GST-P and in situ hybridization histochemistry (ISH) of Paraffin-embedded sections were deparaffinized and proteinase K treatment GST-P mRNA. Remaining liver tissue in the right lateral lobes was immediately (10 µg/ml) was carried out at 37°C for 10 min. After treatment with 0.2 N frozen in liquid nitrogen for subsequent RNA isolation. Numbers and diameters HCl to inactivate endogenous alkaline phosphatase, the sections were acetylated of GST-P-positive (immunohistochemistry), GGT-positive (histochemistry) with 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0, for 10 min. and GST-P mRNA-positive (ISH) foci and nodules Ͼ0.2 mm in diameter They were then dehydrated through an ethanol series and air dried. The were measured using a color image processor (SPICCA; Nippon Avionics hybridization solution contained 50% deionized formamide, 10% dextran Co., Tokyo, Japan). For the quantitative analysis, they were grouped into size sulfate, 1ϫ Denhardt's solution, 600 mM NaCl, 10 mM Tris-HCl, pH 7.6, classes: (i) 0.2-0.5 mm; (ii) 0.5-1.0 mm; (iii) 1.0-1.5 mm; (iv) Ͼ1.5 mm in 0.25% SDS, 200 µg/ml extracted yeast tRNA and~0.5 µg/ml RNA probe. diameter. The volumes of immunohistochemically GST-P-positive lesions per After hybridization at 50°C for 16 h, washing was performed in 5ϫ SSC mm 3 were ascertained by stereological analysis as described previously (23).
briefly and in 50% formamide, 2ϫ SSC for 30 min at 65°C, followed by RNase A treatment (10 µg/ml) at 37°C for 30 min. The slides were then Immunohistochemical staining treated with 2ϫ SSC and 0.2ϫ SSC for 20 min twice at 50°C. Hybridized Anti GST-P antibody was purchased from Medical & Biological Laboratories digoxigenin-labeled probes were detected with a Nucleic Acid Detection Kit Co. (Nagoya, Japan). The avidin-biotin-peroxidase complex method was (Boehringer Mannheim GmbH Biochemica). After the color reaction, the used to determine the location of GST-P in the liver, following published slides were rinsed with 10 mM Tris-HCl, pH 8.0, 1 mM EDTA and mounted methods (7) .
with or without light hematoxylin counterstaining.
Northern blot and dot blot analysis
Control sections, including examples hybridized with the sense RNA probe Total RNAs were isolated by a modified acid guanidine thiocyanate/phenol/ or neither the antisense RNA probe nor the anti-digoxigenin antibody, showed chloroform method (24) and the RNA concentrations were determined no positive signals. spectrophotometrically.
Statistical analysis The procedures followed for Northern blots and dot blots were published Statistical analysis to compare the morphometric data and the levels of mRNAs methods (25). For Northern blotting, total RNA (10 µg) was electrophoresed among the groups was carried out using Student's t-test. under denaturing conditions. The quality and quantity of RNA were estimated on gels using ethidium bromide staining. For dot blotting, total RNA (10 µg) was spotted under denaturing conditions onto nylon membranes. A 447 bp
Results
EcoRI-HindIII fragment of rat GST-P cDNA (clone pGP5; 19) was subcloned into the pBluescript SK(ϩ) vector (Stratagene, La Jolla, CA) and a 570 bp cytes in foci were GST-P-positive, with diffuse staining in the cytoplasm, and GGT-positive, with strong positive staining of the bile canaliculi and more diffuse staining in the cytoplasm. Proliferation of oval cells was also induced around the portal triads and in the periportal zones in groups 1 and 2. A milder degree of proliferation of oval cells was evident in group 4, without any hepatocellular foci development. Both GST-P and GGT were also present in oval cells and bile duct epithelial cells as previously described (7, 10, 27 ). Three and 5 weeks after PH, GST-P-and/or GGT-positive lesions, including nodules demonstrating active growth with evident compression of distinctly in groups 1 and 2. All lesions showed a uniform Table I . Sequential changes in numbers of glutathione S-transferase P-form (GST-P)-positive foci and nodules on immunohistochemistry and proportions of GST-P mRNA-negative foci and nodules as assessed by in situ hybridization histochemistry GST-P staining pattern with sharp demarcation from the surrounding liver, in contrast to a sometimes irregular outline observed for foci and nodules demonstrating GGT activity at these time points. The livers of groups 3 and 5 were histologically normal throughout the experiment. Seven of 10 group 1 animals had hepatocellular carcinomas (HCCs) at week 40, mainly showing a trabecular growth pattern with some pseudoglandular elements. All HCCs were uniformly GST-P-positive. On the other hand, the intensity of GGT staining was variable, not only among HCCs but also within individual HCCs.
Sequential quantitation of GST-P-and/or GGT-positive hepatocellular lesions (foci and nodules)
Sequential changes in numbers of lesions immunohistochemically positive for GST-P and histochemically GGT-positive lesions in groups 1 and 2, including foci and nodules, are summarized in Tables I and II respectively. The numbers of GST-P-and/or GGT-positive lesions rapidly increased to reach peaks 1 week after PH and then slightly decreased. The sizes findings obtained for volume percent of GST-P-positive lesions reflected that data ( Figure 2 ). In groups 3 and 4, only a few so that differences between group 1 and 2 were statistically small GST-P-and/or GGT-positive foci were observed after significant (P Ͻ 0.001) after 3 weeks. Trace levels of GST-P PH. No GST-P-positive lesions were detected in group 5.
mRNA were detected in groups 3-5 throughout the experiment.
Sequential quantitation of GST-P and GGT mRNA levels in
Dot blot analysis showed rapid elevation of levels of GGT the liver mRNA within the first week after PH, with similar results until 5 weeks in group 1, but an obvious decrease after GST-P mRNA~750 bp in size (Figure 3a ) (19) and GGT mRNA~2.4 kb in size (Figure 3b ) (22) were detected by withdrawal of 2-AAF in group 2, so that differences between group 1 and 2 were statistically significant (P Ͻ 0.001) at Northern blot analysis.
Data for relative GST-P and GGT mRNA amounts detected week 3. In group 4, expression of GGT transcripts was increased due to oval cell proliferation 1 week after PH. GGT by dot blot analysis are summarized as fold increase as compared with that of normal rat livers (group 5, at the time mRNA in groups 3 and 5 showed trace levels throughout the experiment. of PH) in Figure 3d and e. Dot blot analysis showed that the levels of GST-P mRNA rapidly increased within the first week Samples were selected from 14 HCCs collected at week 40, so as to minimize areas of degeneration and bile duct after PH and continued to gradually increase until week 5 in group 1 (Figure 3c ). On the other hand, after release from proliferation. Values for mRNA expression of GST-P and GGT detected by dot blot analysis are shown as fold increase as selective growth pressure in group 2, a decline was observed, compared with normal rat liver values (group 5, at the time of PH) in Figure 4 , with averages of 64.62 Ϯ 11.30-fold (mean Ϯ SD) and 18.77 Ϯ 12.33-fold for GST-P and GGT respectively. Sequential quantitation of GST-P mRNA-negative foci and nodules by ISH and remodeling foci and nodules by GGT histochemistry GST-P ISH demonstrated that preneoplastic foci and nodules positive for GST-P protein exhibit high levels of the mRNA. Both oval cells and bile duct epithelial cells were also positive for GST-P mRNA transcripts. One week after PH, almost all foci showed uniformly strong expression in groups 1 and 2. Five weeks after PH, similar findings were obtained for group 1, whereas in group 2 the intensity of the color reaction was more variable, although individual lesions stained uniformly (Figures 5b and 6b) . Some foci and nodules were found to be negative for GST-P mRNA despite being slightly positive in serial sections used for GST-P immunohistochemistry. Changes in the proportions of GST-P protein-positive mRNA-negative lesions in groups 1 and 2 are summarized in Table I . Betweeñ 90 and 100% of foci and nodules of the different diameter classes were positive in GST-P ISH in group 1 until 5 weeks after PH. In group 2 at week 5, 35-50% were negative, with highest values observed for those 0.2-1.0 mm in diameter. The differences between groups 1 and 2 were statistically significant (P Ͻ 0.05). In GGT histochemistry, so-called persistent foci and nodules showed uniform GGT staining and sharp demarcation from the surrounding liver, while others demonstrated irregular patchy GGT staining indicative of remodeling ( Figure 5c ) (4) . The proportions of foci and nodules undergoing remodeling are summarized in Table II . About 20-30% of GGT-positive foci 0.2-0.5 mm in diameter showed irregular patchy staining, though demonstrating compression of the surrounding hepatocytes even at the 0 and 1 week time points after PH. Percentages for all size classes rapidly increased with time, especially for the smaller lesions in group 2, with a significant difference (P Ͻ 0.05, 0.01) from group 1.
Discussion
The present study of sequential changes in expression and/or distribution of GST-P and GGT mRNAs during rat hepatocarcinogenesis demonstrated that continued transcription of mRNA is responsible for the high levels of GST-P protein and GGT activity observed during development of rat liver preneoplastic lesions.
Thus GST-P mRNA transcripts increased coincidental with development of GST-P-positive foci and GST-P ISH confirmed mRNA transcription limited to focal lesions and similarly GST-P-positive oval cells and bile ducts. The development of GST-P-positive lesions and the expression of GST-P mRNA in the livers significantly declined after release from selective Fig. 3 . Northern blots for (a) GST-P and (b) GGT and dot blots for (c) GST-P applying total mRNA (10 µg) from livers of controls undergoing PH alone and DENϩ2-AAF-treated rats undergoing PH. 0h, at the time of partial hepatectomy (PH); 1w, 1 week after PH; 5w, 5 weeks after PH. Digoxigenin-labeled RNA probes for GST-P and GGT were used with 18S rRNA as an internal standard. Sequential changes in relative amounts of (d) GST-P mRNA and (e) GGT mRNA detected by dot blot hybridization in rat livers during hepatocarcinogenesis. Results are expressed as fold increase (means Ϯ SD) as compared with the level in normal livers of group 5 at the time of PH and represent: d, group 1; s, group 2; m, group 3; n, group 4; j, group 5. ***P Ͻ 0.001 versus group 1. growth stimulation in comparison with the continuous selection group. This occurred predominantly in the smaller size classes of foci and nodules, with almost all those Ͼ1.5 mm in diameter remaining strongly positive after cessation of 2-AAF feeding.
In the GGT mRNA case, transcripts rapidly increased within 1 week after PH, maintaining high levels during GGT-positive lesion development, and decreased during the remodeling phase. The question of whether the initial phenotypic reversion in terms of GGT is the result of reduced gene expression at the transcriptional level or post-transcriptional events remains unclear, given the presence of remodeling lesions even at an early stage. In the literature, the percentage of remodeling nodules rapidly increased to reach~40-75% by 3 weeks after PH in the Solt-Farber model (3,4) . The present study also demonstrated that high proportions of foci and nodules undergo remodeling, especially those 0.2-1.0 mm in diameter, involving Ͼ50% of lesions by 3 weeks after PH in group 2. The present GST-P ISH and GGT histochemistry data indicated that relatively small lesions are most likely to demonstrate early remodeling. Conversely, large nodules rarely demonstrated loss of GST-P mRNA by 5 weeks after PH, with or without continued 2-AAF feeding, suggesting a persistent nature. The cause of the discrepancy between reduced GST-P mRNA expression and obvious GST-P immunoreactivity in some present results was the uniform staining for GST-P mRNA even in cases showing progressive loss. In the remodeling nodules, GGT staining became irregular and the areas where is due to environmental influences or endogenously controlled genetic expression remains to be answered. The proportions GGT activity remained showed a loss of epoxide hydrolase (EH) and vice versa (data not shown). This dissociation in of GST-P ISH-negative and remodeling foci and nodules after cessation of 2-AAF feeding were significantly larger than patterns of expression between GGT and EH might indicate a reversion to the acinar pattern characteristic for normal liver observed with continued exposure to carcinogen, so that some role for an exogenous stimulus is implied. It has been suggested (28). In the GST-P case, normal hepatocytes are negative and this enzyme is rarely induced by chemicals such as 2-AAF that single hepatocytes that express GST-P are putative initiated cells in rat liver (29) (30) (31) and that the GST-P gene is switched and phenobarbital, in contrast to the GGT case (7) .
The fundamental question of whether phenotypic reversion during the initiation process (29, 30) . It was recently reported
